Introduction
Recent studies of the nature of the biochemical defect in cystinuria have stressed renal tubular and intestinal transport mechanisms for cystine (1) (2) (3) (4) . Although cysteine has been demonstrated in significant quantities in blood plasma and urine (5) and has been shown to be decreased in concentration in plasma from cystinuric subjects (6) , little information regarding transport or intracellular utilization of this reduced monomer of cystine has been presented. This paucity of information has been due, in large measure, to the great difficulty in keeping cysteine reduced under physiologic or near physiologic incubation conditions. Recently, however, Crawhall and Segal have reported methods by which this difficulty can be overcome (7) .
In the present studies transport of cystine and cysteine by intestinal mucosa from normal and cystinuric subjects has been investigated. The data indicate that cysteine is transported by a mechanism distinct from that for cystine and that * Submitted for publication June 20, 1966 cysteine transport is not defective in gut mucosa from cystinuric subjects.
Methods
Peroral biopsies of jejunal mucosa were obtained with a Rubin tube as described previously (2) . A total of 25 biopsies was obtained from five normal subjects and eight patients with documented cystinuria. Each cystinuric patient excreted marked excesses of cystine, lysine, arginine, and ornithine in the urine and had formed several renal calculi composed of cystine.
Uptake of L-cystine-8S (0.06 mmole per L) by jejunal mucosa was studied as described previously (2) . In studies of cysteine transport, the L-cystine-MS was converted quantitatively to L-cysteine-"S by preincubating the cystine (dissolved in Krebs-Ringer bicarbonate buffer, pH 7.4) in 2 mM dithiothreitol (DTT) for 10 minutes at room temperature (7) . The DTT reduced all of the cystine to cysteine and maintained the reduction throughout the duration of incubation used in these studies (up to 45 minutes). The gut mucosal specimens were placed in 25-ml Erlenmeyer flasks containing either cystine or cysteine, gassed for 30 seconds with 95% Or-5% C02, sealed, and incubated in a Dubnoff metabolic shaker at 370 C for 5 to 45 minutes. In studies with tissue from four normal and five cystinuric subjects paired data were collected by incubating one-half of the biopsy sample with cystine and the second half with cysteine. At the conclusion of the incubation, the tissues were removed from the flasks, dipped twice into isotonic saline, blotted, weighed, and plunged into ground glass tubes containing 0.5 ml of 20 mM N-ethyl maleimide (NEM) in 0.1 mM phosphate buffer, pH 7.4. Smyth, Nagamatsu, and Fruton (8) (9) utilized this reaction to distinguish between intracellular cystine (which does not react with NEM) and cysteine in kidney cortex slices from rats and humans. The tissue was then homogenized for 45 seconds with a motor-driven Potter-Elvehjem homogenizer; 0.5 ml of 10% trichloroacetic acid (TCA) was then aded to precipitate tissue proteins, which were separated by centrifugation. Two-tenths-ml samples of the incubation medium were also placed in tubes containing 1.0 ml of 20 mM NEM and treated in a manner identical to that described for the mucosal specimens.
Radioisotopic analysis of the medium and tissue supernatant was performed by two methods. Total 'S content was estimated by counting 0.2-ml samples of the medium and tissue supernatant in a liquid scintillation spectrometer as described previously (2) . Additional samples of medium and tissue supernatant from which TCA had been extracted with ether were spotted on Whatman 3-mm paper and run for 2 hours in a Gilson high voltage electrophorator (4,000 v, 250 ma) in 6.8%o formic acid in water. Suitable standards of cystine and the cys-NEM were run concurrently with all unknowns. The paper strips were then marked according to the standards, cut into small squares, placed in counting vials, and counted in a liquid scintillation spectrometer as described previously (9) . A photograph of a typical separation of cystine from cys-NEM by high voltage electrophoresis is shown in Figure 1 .
The distribution ratio, defined in these experiments as the ratio of the concentration of 'S per milliliter of intracellular fluid to that per milliliter of medium, was calculated as described previously (2) . The 
Results
Conversion of cystine to cysteine by gut mucosa. When mucosa from normal and cystinuric subjects was incubated with cysteine, virtually all of the tissue and medium radioactivity was recovered as cysteine in the form of the cys-NEM derivative (Table I) . However, very different results were noted when cystine was the substrate amino acid. All of the medium radioactivity remained as cystine, but, as shown in Table I , almost no cystine was found in the tissue, all of the radioactivity being accounted for as cysteine. This significant point was overlooked in previous investigations from these laboratories (2, 10) because tissues were equilibrated with boiling distilled water or trichloroacetic acid rather than NEM, thus favoring oxidation of cysteine to cystine. Hence, the distribution ratios to be presented for cysteine uptake represent chemically identical species outside and inside the mucosal cells, but such is not the case for cystine where conversion to cysteine has occurred either during the transport process or after the amino acid has achieved an intracellular location. Evidence to be presented subsequently favors the latter alternative.
Evidence for mediated transport of cysteine. As noted in Figure 2 , cysteine was rapidly taken up 3 Nutritional Biochemicals Co., Cleveland, Ohio. by gut mucosa to concentrations much in excess of that in the incubation medium. Uptake was linear for 15 minutes, and equilibrium conditions were reached after 30-minute incubations. Cysteine uptake was distinctly impaired under anaerobic conditions and when the sodium ion was removed from the incubation medium (Table II) . Thus, cysteine, like other amino acids (2) , is accumulated in gut mucosa by energy-dependent mechanisms. Furthermore, as the concentration of cysteine in the medium was increased, the rate of accumulation approached a maximal value, indicating the presence of a saturable mechanism. These data, plotted by the double reciprocal method, are shown in Figure 3 and yield an apparent Michaelis constant (Km) of 1.4 mmoles per L.
Uptake of cystine and cysteine in cystinuria. As shown previously, cystine uptake by gut mucosa from type I cystinuric subjects (4) was distinctly impaired or absent (ratios of approximately unity) when compared to results with controls ( Figure 4) . However, as seen in Figure 4 , no difference between normal and cystinuric subjects was found when cysteine, rather than cystine, was used as the substrate in the transport studies. The equilibrium distribution ratios for cysteine far exceeded those for cystine. This difference reflected true variations in the transport of these materials rather than effects of the DTT, since uptake of glycine and lysine by gut mucosa from normal subjects was unaffected by concentrations of DTT equal to those used in the present studies.
Absence of competition between cysteine and dibasic amino acids. We have demonstrated previously that cystine uptake by normal gut mucosa is N2-5 % CO2. In the sodium-free buffer, isosmolar conditions were maintained by substitution with Tris-HCl.
The results represent the mean of four observations in two normal subjects. The inhibitory effects of sodium removal and anaerobiosis were both highly statistically significant (p < 0.01). inhil)ited by lysine and arginine (2) , suggesting that these anmino acids share a common transport mechanism in this tissue. In contrast, however, C-Steinle ul)take under comparable conditions was not significantly affected by either lysine or arginine, even when these amino acids xvere present in concentrations 8 to 10 times that of cysteine (Table III) (6) showed that type I cystinuric patients (4) were unable to absorb cystine after oral loading, but that cysteine was absorbed normally. The present results provide in vitro confirmation of these findings and indicate that the intestinal transport defect in cystinuria, known to involve cystine and the dibasic amino acids, does not extend to cysteine absorption or transport.
Neil (13) studied absorption of cystine and cysteine from rat intestine using in vitro perfusion and in vitro everted sac techniques. He found that cysteine was more rapidly absorbed than cystine when the two amino acids were perfused separately. His in vitro work was limited to studies of cystine transport because the experimental conditions used (pH 7.4, Krebs buffer) ensured rapid oxidation of all cysteine to cystine. No attempt was made to determine the chemical form of the sulfur amino acids within the intestinal cells; thus the experiments are not comparable in design or technique to those reported here.
